The t(16;21)(p11;q22) translocation is a non-random chromothe fused FUS/ERG protein is shown to function as a transcripsomal aberration observed in several types of human acute tional regulator. 8, 11 myeloblastic leukemia (AML), whereas the der(16)t(1;16) and On the other hand, the der (16) A 46-year-old male engineer was admitted to our hospital because of fever in June 1994. Peripheral blood examination Introduction showed white blood cells 120 × 10 9 /l with 91% myeloblasts, hemoglobin 8.3 g/dl and platelets 104 × 10 9 /l. Bone marrow Chromosomal translocations in specific subtypes of leukemia examination revealed 91% myeloblasts that were positive for are recognized to play an important role in the process of myeloperoxidase (MPO) but negative for ␣-naphthyl butylate leukemogenesis by synthesis of chimeric proteins.
A 46-year-old male engineer was admitted to our hospital because of fever in June 1994. Peripheral blood examination Introduction showed white blood cells 120 × 10 9 /l with 91% myeloblasts, hemoglobin 8.3 g/dl and platelets 104 × 10 9 /l. Bone marrow Chromosomal translocations in specific subtypes of leukemia examination revealed 91% myeloblasts that were positive for are recognized to play an important role in the process of myeloperoxidase (MPO) but negative for ␣-naphthyl butylate leukemogenesis by synthesis of chimeric proteins. 1, 2 The esterase (␣-NBE) and chloroacetate esterase (CAE) stainings. t(16;21)(p11;q22) translocation is one of the non-random There was no abnormal feature in the eosinophils or monochromosomal aberrations observed in human acute myelocytes. In surface marker analysis the blasts from bone marrow blastic leukemia (AML), blastic crisis of chronic myelogenous were positive for CD13 (79.5%), CD33 (93.3%) and CD34 leukemia (CML) and myelodysplastic syndrome (MDS) that (64.5%). Chromosome analysis of bone marrow cells showed progressed to AML. [1/20] . The patient was morphological features, although some cases showed unique diagnosed as AML (M1) according to the FAB classification. findings such as abnormal eosinophils, monocytosis and An induction therapy was started with enocitabine, daunoruberythrophagocytosis. 3, 4 Clinical prognosis of AML with icin, 6-mercaptopurine and prednisolone and complete t(16;21) seems to be poor. Recently, molecular characterizremission (CR) was achieved with normal karyotype. Despite ation of this translocation has revealed that the FUS gene (also two courses of consolidation therapy, the patient relapsed called TLS) encoding an RNA-binding protein on chromosome after 3 months from remission. The second CR was obtained 16 is fused with the ERG gene, a member of the ets gene by low-dose etoposide and aclarubicin treatment in March superfamily, on chromosome 21 to produce the FUS/ERG 1995. However, the second relapse occurred after 1 month chimeric transcript. [7] [8] [9] [10] [11] As a result, the RNA-binding domain with blastoma in the colon. The patient died of progressive of FUS is replaced with the DNA-binding domain of ERG and disease and pneumonia in May 1995.
macrophage colony-stimulating factor (rhGM-CSF), interleukin-3 (rhIL-3), interleukin-6 (rhIL-6) and stem cell factor (rhSCF), were provided by Kirin Brewery (Tokyo, Japan).
Cell culture
Peripheral blood cells were obtained from the patient with informed consent at initial diagnosis and prior to chemotherapy. Mononuclear cells were separated on a Ficoll-Metrizoate (Lymphoprep; Nycomed, Oslo, Norway) and seeded at 1 × 10 6 /ml in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Intergen, NY, USA) and 10 ng/ml rhG-CSF in a 24-well flat-bottom multidish (#143982; Nunc, Roskilde, Denmark). Cultures were started at 37°C with a humidified atmosphere of 5% CO 2 in air and fed once a week by replacing one half of the growth medium with the fresh medium. After 2 weeks the cells were transferred to 35 mm suspension culture dish (Nunc, Illinois, USA) and after 5 weeks cell proliferation became continuous. After 9 weeks of culture, the cells were transferred to 25 cm 2 tissue culture flask (Falcon, #3013; Becton Dickinson Labware, Franklin Lakes, NJ, USA) and a cell line, designated as YNH-1, was established.
Morphologic and cytochemical analysis
Cytocentrifuged smears of cells were stained with WrightGiemsa (WG), myeloperoxidase (MPO), ␣-naphthyl butylate esterase (␣-NBE), naphtol AS-D chloroacetate esterase (CAE) or Periodic Acid Schiff (PAS) for morphological studies and cytochemical reactions.
Figure 1
The morphology of original leukemia cells from bone marrow (a) and YNH-1 cells (b). Wright-Giemsa staining. Magnification ×1000.
Cytokine requirement and growth curve analysis
To assess responses to human cytokines, we cultured YNH-1 Cytogenetic analysis cells in quadruplicate 24-well multidishes at a concentration of 2 × 10 5 /ml in the absence or presence of various cytokines. Cytogenetic analysis was performed on short-term culture of The following cytokines at the indicated concentrations in the cells by the Giemsa-banding technique. Karyotypes were parentheses were used: rhG-CSF (10 ng/ml), rhGM-CSF described according to the International System for Human (10 ng/ml), rhIL-3 (10 ng/ml), rhIL-6 (10 ng/ml) and rhSCF Cytogenetic Nomenclature (ISCN 
All probes were labeled by standard nick-translation using biotin-11-dUTP (Sigma, St Louis, MO, USA) or digoxigenin-(My9), CD34 (My10), CD41a (glycoprotein (GP) IIB/IIIA), CD42b (GPIb) and HLA-DR (Leu HLA-DR). Monoclonal anti-11-dUTP (Boehringer, Mannheim, Germany). Two-color FISH with various probe combinations and probe detection were bodies to CD11A, CD11B and CD11C were also used. Negative control cells were stained with FITC-conjugated mouse carried out as described elsewhere. 6 ,22, 23 Briefly, 100 to 150 ng of the probe was denatured, allowed to preanneal with immunoglobulin G (IgG). electrophoresis on 0.8% agarose gel, transferred to nylon filter and hybridized with the Photobiotin (Life Technologies, Gaithersburg, MD, USA)-labeled ERG or FUS cDNA probe. The ERG cDNA probe was synthesized by RT-PCR from YNH-1 mRNA using ERG1 and ERG3 primers as described in the RT-PCR analysis section. The FUS cDNA probe was synthesized using FUS1 and FUS2 primers.
Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis
Total RNAs were extracted from YNH-1 or HL-60 cells by the standard guanidium thiocyanate/phenol/chloroform method using RNAzol ™ B (Biotecx, TX, USA). Single-strand cDNA was synthesized from 1 g of total RNA in 30 l of the reaction mixture containing 50 mM Tris-HCl pH 8.3, 75 mM KCl, 3 mM MgCl 2 , 500 M dNTPs, 20 units of RNAsin, 100 pmol of RTprimer and 20 units of M-MLV reverse transcriptase (Life Technologies). ERG2 or FUS3 was used as a RT-primer for ERG and FUS/ERG cDNA or for ERG/FUS cDNA, respectively. The mixture was incubated at 37°C for 1 h. First PCR was carried out in the 50 l reaction mixture by adding 5 l of 10 × PCR buffer (100 mM Tris-HCl pH 8.3, 500 mM KCl, 15 mM MgCl 2 , 0.01% gelatin), 200 M dNTPs, 2.5 units of Taq DNA polymerase (Promega, Madison, WI, USA) and 50 pmol of each oligonucleotide primer described below. After an initial denaturation at 94°C for 1 min, 35 cycles of the first PCR (denaturation at 95°C for 60 s, annealing at 65°C for 60 s and extension at 72°C for 90 s) were run in a thermal cycler (Astec PC800; Astec, Fukuoka, Japan) followed by a final round of extension at 72°C for 10 min. Four microliters of the first PCR product were reamplified in the 50 l reaction mixture containing 5 l of 10 × PCR buffer, 2.5 units of Taq DNA polymerase and 50 pmol of each oligonucleotide primer for HaeIII was used for a size marker.
Doubling time was about 82 h.
For detection of FUS/ERG cDNA, the outer primer set of FUS4-ERG2 and inner primer set of FUS1-ERG3 were used for the first and second PCR, respectively. Likewise, the outer set unlabeled human Cot-1 DNA (10 to 15 g) at 37°C for 20 min and hybridized overnight. Biotinylated probes were detected of ERG4-FUS3 and inner set of ERG1-FUS2 were used for ERG/FUS cDNA. As an internal control for the assessment of with avidin-fluorescein isothiocyanate (FITC) (Vector Laboratories, Burlingame, CA, USA), biotinylated goat anti-avidin the intactness of the RNAs, cDNA of the ERG gene was also amplified using the outer primer set of ERG2-ERG4 and inner (Vector Laboratories) and a second layer of avidin-FITC. Digoxigenin-labeled probes were detected with mouse antiprimer set of ERG1-ERG3 for the first and second PCR, respectively. digoxigenin (Sigma), rabbit anti-mouse IgG-tetramethylrhodamine (TRITC) (Boehringer) and goat anti-rabbit IgG-TRITC The sequences of PCR primers were designed as follows. Corresponding nucleotide numbers for FUS and ERG cDNA (Boehringer). Chromosomes were counterstained with 1 g/ml of 4,6-diaminido-2-phenylindole dihydrochloride (DAPI) and are shown in the parentheses. Epstein-Barr (EB) virus contamination of YNH-1 cells was High molecular weight DNAs were extracted from YNH-1 cells or human placenta by proteinase K digestion followed by tested by PCR analysis as described above using EB virus-specific primers P1, 5′-CCA GAG GTA AGT GGA CCT-3′ and phenol-chloroform extraction and ethanol precipitation. Five micrograms of DNAs were digested with BamHI, separated by P2, 5′-GAC CGG TGC CTT CTT AGG-3′. 
Establishment of YNH-1 cell line
Surface marker analysis
The cells cultured in the presence of rhG-CSF gradually started active proliferation following a lag time of approximately 5 Immunophenotypes of YNH-1 cells and original blasts were weeks. After 9 weeks of culture, a continuously growing cell summarized in Table 1 . YNH-1 cells were 98.1% positive for line, designated as YNH-1, was established. YNH-1 cell line CD13, 83.0% for CD33 and 96.9% for CD34. They were also has been maintained for more than 20 months in RPMI-1640 weakly (36.6%) positive for CD41a (glycoprotein IIB/IIIA). medium supplemented with 10% FBS and 10 ng/ml rhG-CSF. The maximum cell density of the YNH-1 culture was 1 × 10 7 /ml. The cultures were free from Epstein-Barr virus (data not shown).
Cytogenetic analysis Morphology and cytochemical characteristics
Chromosome analysis was performed 10 months after the start of culture. The karyotypes of 23 analyzed metaphases of YNH-1 cells were determined as follows: 46,XY,der(16)t(16;-YNH-1 cells proliferated as free-floating immature myeloblasts. They showed large nuclear-cytoplasmic (N/C) ratio. 21)(p11;q22)t(1;16)(q12;q13), der(21)t(16;21)(p11;q22)[13]/ 46,XY,idem, der(6)t(6;12)(q13;q13), der(12)t(6;12)(q21;q13) The nuclei had a few nucleoli and were often lobulated. The basophilic cytoplasm on WG staining contained several vacu- [10] (Figure 3) . YNH-1 cell line was shown to consist of two clones, ie with or without t(6;12) translocation. The unbaloles, but few azurophilic granules were seen (Figure 1 ). YNH-1 cells were positive for MPO, but negative for ␣-NBE, CAE anced t(6;12) translocation was not detected in the original myeloblasts from bone marrow on admission. and PAS stainings. 
Fluorescence in situ hybridization (FISH) analysis
A125B12 was mapped to 21q22 and contained the ERG gene. In this experiment two YAC signals were observed on the To confirm chromosomal translocations observed in YNH-1 der(16) and normal chromosome 21 ( Figure 4d ). This result cells, we performed a series of two-color FISH analyses with demonstrated the involvement of 21q material in the der(16). chromosome-specific DNA libraries and a band-specific YAC It seems that A125B12 did not contain the breakpoint in the clone. At first, two-color FISH with chromosome-specific ERG gene as the signal was not split. library DNAs for chromosome 16 and 21 was performed on
In addition, two-color FISH with chromosome-specific metaphase spread. The chromosome 16-specific library DNA library DNAs for chromosome 1 and 16 and for chromosome painted the distal part of the long arm of the der(21), which 6 and 12 were carried out. The chromosome 1-specific library was also painted by the chromosome 21-specific library DNA DNA painted the der(16) as well as two normal chromosomes (Figure 4a-c) .
1, indicating partial 1q trisomy (Figure 4e ). The t(6;12) transloOn the other hand, it was difficult to paint the der(16) by cation was confirmed in the same way (Figure 4f-h) . the chromosome 21-specific library DNA because chromosome 21 material translocated to the der(16) was very small. Therefore, we used the YAC clone A125B12 as a probe. 
Molecular analysis for t(16;21)(p11;q22) translocation
To detect the ERG and FUS gene rearrangements in YNH-1 cells, we performed Southern blot analysis. DNAs were digested with BamHI and hybridized with each cDNA probe. Abnormal rearranged bands of both genes were observed besides two germ line bands (data not shown). For further characterization of t(16;21), FUS primers for the FUS gene on chromosome 16 and ERG primers for the ERG gene on chromosome 21 were designed. The expression of the chimeric transcripts was studied on YNH-1 cells by RT-PCR analysis. To detect the FUS/ERG chimeric transcript, we used primers FUS4 and ERG2 in the first PCR, and FUS1 and ERG3 in the second PCR. Three PCR products of different sizes (about 230 bp, 191 bp, 156 bp) were amplified, whereas no detectable products were generated from control HL-60 cells (Figure 5a ). When we used primers ERG4 and FUS3 in the first PCR and ERG1 and FUS2 in the second PCR for the ERG/FUS chimeric transcript, one PCR product (240 bp) was amplified (Figure 5b ). tion. As for the band a, more than 20 clones were sequenced. However, these clones had nonspecific sequences including primer FUS1 or ERG3 sequence besides 191 bp of the band b. We concluded that band a was the result of reproducible been reported (IRTA17, IRTA21 and UTP-L12). 8, 10 However, origin, morphology, cytochemistry, and cytokine dependency PCR artifacts due to nonspecific annealing in nested PCR.
of YNH-1 were different from other cell lines. Our findings suggest that YNH-1 originated from an early myeloid stem cell. On the other hand, IRTA17 and IRTA21, which were Discussion derived from a patient with AML (M2) in relapse, showed monocytoid features morphologically. They were negative for We have established the novel acute myeloblastic leukemia cell line YNH-1 from a patient with AML (M1) carrying MPO and CAE and positive for ␣-NBE. Surface marker analysis revealed that they were positive for CD13 and CD34, but t(16;21). Three leukemia cell lines with t(16;21) have already Nucleotide sequences around the fusion points of the two FUS/ERG (b and c) and ERG/FUS cDNAs. RT-PCR products were sequenced directly. Nucleotide sequence and predicted amino acid sequences are shown. Between the two FUS/ERG products, only b has an in-frame junction.
negative for CD14 and CD33. Therefore, they were desigcontribution to tumorigenesis of t(1;16) translocation rather than gene dysregulation considering the breakpoints show nated as acute nonlymphocytic leukemia cell lines. 10 UTP-L12 was established from a patient with MDS that had evolved major variation. 19 Partial trisomy 1q was also reported in another patient with AML (M5b) and t(16;21). 6 to AML in relapse in a GM-CSF-containing medium. Its characteristics have not been described in detail. 8 The der(16)t(1;16) has been observed in 10 an additional aberration. Furthermore, the similarity with FUS/ERG and EWS/FLI1 or EWS/ERG as a possible initiating junction in YNH-1 was identical to those detected in the other three cell lines. 8, 10 As another breakpoint has not been event supports this hypothesis. 29 The der(16)t(1;16) may be associated with disease progression or transformation to the reported, accumulation of more cases will be required to analyze whether diverse cytomorphological features of AML with more aggressive phenotype. In addition to t(16;21) and t(1;16), about 40% of YNH-1 cells t(16;21) might be associated with the breakpoint or structure of chimeric protein.
have unbalanced translocation t(6;12). The t(6;12) translocation has rarely been described, but chromosome rearrangements at The der(16)t(1;16) is a recurrent rearrangement in solid tumors such as breast carcinoma and Ewing's sarcoma. [12] [13] [14] 12q13 are frequently observed in a variety of solid tumors including myxoid liposarcoma, chondrosarcoma, clear cell sarThis chromosomal abnormality was also identified in ovarian carcinoma, Wilms' tumor, peripheral neuroectodermal tumor, coma and rhabdomyosarcoma. [15] [16] [17] [18] Various chromosomes can act as translocation partners in these tumors. Chromosome astrocytoma and retinoblastoma. 13 In hematopoietic malignancies, the der(16)t(1;16) has been frequently observed in region 12q13 is also known to contain several genes involved in tumorigenesis such as CHOP, ATF-1, ERBB3, MDM2 and multiple myeloma, 26 but only 12 cases including the present case have been reported in AML or MDS. 19, 20 As a result of CDK4. [30] [31] [32] [33] It would be of interest to elucidate whether these genes or unknown putative oncogenes might be implicated with t(1;16), partial trisomy 1q and partial monosomy 16q are usually detected. This imbalance was proposed to be the main 12q13 translocation in YNH-1 cells.
